Abstract: Fast neutron detection is a subject of great relevance in modern nuclear science and engineering, in particular, with the recent advances in nuclear fusion research, detection of fast neutron became a key issue. Nuclear properties of carbon are of special interest due to its relatively high capture cross section for fast neutrons. Devices made of silicon carbide and diamond are based on these properties, and so are being developed to be used with the proper wiring. In addition, in recent years carbon nano-tubes unveiled their electrical and mechanical properties, which can be exploited for neutron detection. In this work, we use MCNP5 Monte Carlo code to analyze the carbon nuclear properties and discuss the way nano-tubes can be used for fast neutron detection.
Introduction


Fast neutron detectors are of great relevance in nuclear physics, especially in D-T fusion reactors where the spectrum shows a maximum around 14.1 MeV [1] . The wide ranges of carbon neutron capture properties are usually being exploited in order to detect these neutrons, so new carbon-based technologies are being developed: silicon carbide and diamond.
In the case of silicon carbide (SiC), the combined effects of both 12 C(n,n') 12 C and 28 Si(n,n') 28 Si reactions through the ion recoil are the most important channels for neutron detection, unfortunately the sensitivity for these reactions is low, and thin diodes are to be included in the detector which are sensitive to gamma radiation, also present in nuclear reactions [2] . These difficulties are avoided in the case of diamond based detectors; these detectors, which rely on the 12 C(n,α) 9 Be reaction, are made of a three-layer set in an arrangement very similar to a transistor, by using boron as dopant agent. The α particles and 9 Be ions so released to the crystal, do generate
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electron-hole pairs making the whole arrangement work like a semiconducting device [3, 4] . However, the high price of diamond makes this device very expensive for massive implementation.
Due to the continuous improvements in the experimental techniques for synthesizing carbon nano-tubes (CNT) [5] , and related nanostructure today is possible to obtain arrangements of vertically aligned nanotubes [6, 7] . This fact makes new nano-devices be designed at least from a theoretical point of view.
In this work we analyse the behaviour of a bulk carbon system of nanotube density, under fast neutron irradiation using MCNP 5, which is a general-purpose transport Monte Carlo N-Particle code that can be used for neutron, photon, electron, or coupled neutron/photon/electron transport, and the way it can be used to detect fast neutron [8] .
Discussion
As can be seen in Fig. 1 , we have calculated the reaction rates corresponding to different reaction channels by using the MCNP 5 code. For thermal (~0.01 eV) and epithermal (1 eV) neutrons, just the reaction 12 C(n, γ) 13 C is possible. The most relevant D DAVID PUBLISHING
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193 channels in the range of fast neutrons (5 -20 MeV) are (n,n'), (n,γ), (n,α), (n,p) and (n,d) which agreed with previous works [9] . From all these reactions we are considering the first four because the neutron beam energy is about 14.1 ± 1 MeV. The (n,γ) channel yields gamma radiation of three possible energies, depending on the final state of the 13 C nucleus. These energies are 4.95 MeV, 3.68 MeV and 1.26 MeV, with probabilities of 67.5%, 32.4% and 0.16%, respectively. Since the final product is also a carbon atom, their chemical properties remain unaltered [10] .
The channel (n,n') is very relevant in the fast neutron range, due to its relatively high reaction rate for E > 5 MeV and, as it does not produce any transmutation in the material, and has the advantage of not changing the detector composition. The neutron scattered both elastic and inelastic, can be detected indirectly when the carbon ion recoils create electron-hole pairs, being critical thus the conducting properties of the arrangement [11, 12] .
Despite the (n,n') reaction, the most suitable channels for neutron detection in the range of interest (fast neutrons) are the (n,α) and (n,p), which yields 9 Be and 12 B, respectively. Independently of the reaction taking place, the basis of neutron detection is either detecting the outgoing ions, or the changes in the material structure. In the first case electron-hole pairs created inside the arrangement can be detected by a temporal change in the electronic properties of the material, in the second case the changes in the material are expected to be permanent, and are to be considered also as radiation damage. Anyway, detection depends on the electric properties of the material. About this, graphene and carbon nanotubes are particularly interesting, because they exhibit different metallic and semiconducting properties according to its dimension an topology [13, 14] ; and also, the presence of impurities and defects in the nanotube structure alters its electrical conductivity, and can be a way of detection [15, 16] .
In Fig. 2 , we show a schematic view of a possible arrangement for dosimetry, where the nanotubes are aligned vertically and parallel each other, with a proper wiring at their ends. This kind of arrangement was already experimentally obtained [7] . Note that the only channel with no threshold is (n,γ). The total generated vacancies (dashed line) in the range 5-15 MeV is also shown. When a neutron flux traverses the array, the aforementioned nuclear reactions take place, and as the freed energy in this process is relatively high, vacancies in the nanotube are produced, changing so, the electrical properties of the nanotubes. If the nanotubes are single walled (SWCNT) conductivity can even vanish if the nanotube diameter is smaller enough [15] . In this way the system works like an array of parallel resistors, showing at the beginning of the operation a total electric resistance
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where ρ is the electric resistivity and G is a geometric factor (length over area, for instance), then as the nanotubes are supposed to be equal, we can write the resistance change ∆R:
(1) where n is the number of nanotubes in the array. According to this, for sensitivity reasons, it is better to have a few quantity of long nanotubes than having many-but short of them. Fortunately, this is not a problem because long nanotubes have been successfully obtained, even one half meter long [17] . Fig. 3 shows the variation of relative resistance of an array of 1 cm 3 , containing 10 10 nanotubes (see Ref.
[6]) in a second of irradiation for different neutron fluxes. Varying nanotube density and geometry of the array these values can conveniently be adjusted.
Conclusions
In this work we used MCNP5 to assess the reaction rates of a bulk made of carbon nano-tubes under fast neutron irradiation. The most interesting channels for neutron detection are (n,n'), (n,γ), (n,α) due to their high yield in the range of fast neutron (up to 20 MeV). Whatever the reaction, due to the high energy released, a vacancy is created, then the ion recoil is able to generate electron-hole pairs. Also, the vacancies in nanotube, change drastically its conducting properties, even more if they are single walled nanotubes (SWCNT). We presented a possible arrangement of such nanotubes in which the permanent damage due to neutron flux, can be recorded in order to determine dose. Such device is technologically possible and its relative resistance ∆R/R depends on the number of nanotube density and geometry, and can be modified according to flux requirements.
